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Renal function is low in infancy, even when the appropriate
correction is made for the small body size [1]. Although we
know that the maturing kidney seems able to maintain body
homeostasis despite wide fluctuations in dietary intake, we
know little about the pattern of development of the various
tubular functions and especially of sodium and water reabsorp-
tion. Even the classical concept that tubular function lags
behind glomerular filtration during development (21 has been a
matter of recent controversy, and no firm conclusion can be
drawn from micropuncture studies about whether glomerulotu-
bular balance exists in the immature animal [3].
Clearance techniques, although limited by the necessity for
invoking a variety of assumptions, retain the unique advantages
of being applicable to human studies and of being relevant to the
function of the whole kidney "in situ" rather than of an isolated
population of nephrons. In the present experiments, fractional
clearances during hypotonic saline diuresis have been used to
study tubular handling of water and sodium in infants and
children. With all the limitations in mind, the validity of this
methodology is well accepted [4—61, but to our knowledge only
a few reports are available of its application to the study of
maturation of the renal function in man [7, 8].
Methods
The study included 39 healthy subjects: 22 infants, I-week to
15-months-old and 17 children, 2- to 12-years-old. All had
normal growth and development, and in no case were i-enal
abnormalities present. In every case, the parents were informed
of the studies and a signed consent was obtained,
The study was performed following a modification of the
protocol given by Chaimovitz et al [91. On the morning of the
test, each subject received an oral water load of 20 mI/kg of
body wt over a 30-mm period. This was ftllowed by the i.v.
infusion of 0.45% saline at a rate of 1,000 nil/hr/I .73 m2 of body
surface, over a period of 2 hr. Neither infants nor children were
catheterized because results of each period were factored by
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GFR so that accurately timed urine collections were not re-
quired. Glomerular filtration rate was determined by endoge-
nous creatinine clearance, and, to obviate the inaccuracy of
individual periods, we considered only the average value for all
collection periods. Specimens of urine were obtained approxi-
mately at 20-mm intervals, and blood samples were drawn
between urine collections from an indwelling needle that was
flushed with slightly heparanized isotonic saline solution after
each sampling. An estimated serum value at the midpoint of
each urine collection was used for clearance calculations.
Clearance methodology used for study of tubular function
was in accord with current knowledge [61. Creatinine concen-
tration was determined on a Beckman creatinine autoanalyzer.
Plasma and urine osniolality were determined by freezing-point
depression using an Advanced Osmometer. Sodium and potas-
sium concentrations were measured by flame photometry: and
chloride concentration, by potentiometric titration using a
Radiometer chloridometer. Urine carbon dioxide content was
determined on the Natelson microgasometer, and bicarbonate
concentration was derived by standard formulas after prior
determination of the actual pK of the urine sample. Statistics
were calculated by Student's I test for unpaired data. Correla-
tion coefficients were determined with the least-square formula.
Results
Table I gives the biochemical data in serum corresponding to
the period of maximal free water clearance. Statistical differ-
ences were found in osmolality and concentrations of bicarbon-
ate, sodium, and potassium, hut in both groups all values were
in the range of normal for that age group. The values from the
period of maximal free water clearance were not statistically
different from the baseline values, before hypotonic saline
infusion, and no correlation was present between serum values
and the age of the subject.
A summary of data for all studies is presented in Table 2. In
this table and in all figures only one value, that corresponding to
the period of maximal free water clearance, is considered in
each subject, except for values of creatinine clearance, which
correspond to the average value of all collection periods.
Infants presented significantly higher values for osmotar, sodi-
um, potassium, chloride, and bicarbonate clearances. but un-
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Bicarbonate, mEqiliter 20.1 2.5 22.5 1.2 < 0.0025
Sodium, mEqlliter 136.9 3.1 139.9 3.2 < 0.005
Potassium, mEql!iter 4.3 0.7 3.8 0.3 < 0.0025
Chloride, mEqliiter 109.2 3.8 105.6 7.8 NS
Osmolality, mOsmlkg 283.1 6.9 288.7 6.4 <0.01
Infants
(N=22)
Child
(N=
ren
17) P
Uosm, mOsmlkg 51.8 12.8 54.1 13.3 NS
V, mild! GF 22.8 3.6 17.2 2.7 < 0.0005
Com, mild! GF 4.3 1.3 3.2 0.7 < 0.0025
CH2O, mild! GF 18.5 2.9 14.0 2.6 < 0.0005
CNa, mild! GF 1.9 0.8 1.4 0.4 < 0.01
CK, mild! GF 19.9 12.0 12.9 5.2 < 0.025
Cci, mild! GF 2.7 1.1 2.1 0.7 <0.05
CHCO,b, mild! GF
CH2O + CNa', mild! GF
CH2O + Cc,", mild! GF
3.3 1.4
20.4 2.9
21.2 3.1
2.2
15.3
15.9
1.2
2.6
2.6
< 0.025
<0.0005
<0.0005
CH2O x 100, %
CH2O + CNa
90.8 4.5 90.9 3.3 NS
CH1O x 100, %
CH2O + C, -
Ccr, m!lminlI.73m2
87.2 5.3
88.5 27.1
86.7
124.8
4.1
25.2
NS
< 0.0005
a u0.,,, is urine osmolality; V, urine volume; C0.,,,,, osmolar clear-
ance; CH2O, free water clearance; CN, CK, CC,, CHcç,-, sodium,
potassium, chloride, and bicarbonate clearance, respectively; CH,O +
CNa, C11,0 + C,, distal sodium delivery; Cu,,JCH() + CNU, CH,(,ICH,o
Ce,, percentage of distal sodium reabsorptEon; Ce,, créatiniie
clearance; NS, not significant; GF, glomerular filtrate. Values are the
means SD.
"Data in 10 infants and 14 children
nary osmolality was identical in both groups. Fractional urine
volume and fractional distal sodium chloride delivery (CH,O +
CNa, CH,O + Ce,) were significantly higher in infants. Because
no important hyperkaliuria or bicarbonaturia were present, the
values of distal delivery calculated by either the "sodium" term
or the "chloride" term were almost identical, thus in the
following discussion and to simplify the results, only the value
of CH,o + CN. will be used for correlations. The mean value of
creatinine clearance in infants was 88.5 mllminll.73 m2, a value
significantly lower than the value found in children (124.8
mllminll.73 m2). A negative correlation was present between
individual values of fractional distal sodium load and creatinine
clearance when all subjects, infants and children, were consid-
ered: CH,0 + CNa = 25.7 — 0.072 Ccc, r = —0.63, P < 0.001
(Fig, 1).
Sodium chloride reabsorption at the diluting segments, esti-
mated by the value of C,0, was significantly higher in infants
than it was in children (Table 2). This finding implies an
important compensatory distal reabsorption of the proportion-
ally higher amount of filtrate escaping proximal reabsorption in
infancy. As a consequence, the proportion of the load reab-
sorbed distally, estimated by the ratios C11,0lC0 + CNa x 100
or CH,OICHo + C, x 100, was identical in both groups (Table
2). Distal reabsorption is better analyzed in Figure 2, which
expresses distal sodium reabsorption (CH,o) as a function of
distal sodium load (CH,o + CNa). Infants presented higher
values of distal delivery but also higher values of free water
formation, thus the proportion of the load reabsorbed distally
(diagonal broken lines) remained similar.
In Figure 3, distal sodium delivery is correlated with the age
of the subject. No correlation was present beyond 2 years of age
but a significative correlation (r= —0.638, P < 0.001) was
present in infancy: the younger the infant, the higher the value
of fractional distal delivery (that is, the lower the proportion of
filtered load reabsorbed proximally). The same negative corre-
lation existed between the value of free water clearance and the
age of the subject (r= —0.616, P < 0.001). No correlation
existed between age and CH,0 when the group of children was
considered.
Discussion
Using clearance techniques during hypotonic saline diuresis,
we attempted to delineate differences in tubular handling of
filtrate between infants and children. Our findings indicate that
fractional proximal reabsorption of water and sodium increases
progressively during the first year of life whereas it remains
constant in children beyond 2 years of age. Conversely, frac-
tional distal reabsorption of sodium is significantly increased in
early life and decreases pan passu with the diminution of distal
sodium delivery, so the percent of the distal sodium load
reabsorbed distally remains constant throughout all ages.
Aperia et al [7] arrived also at the conclusion that a higher
capacity to form free water is present in infancy, but, as already
pointed out by Spitzer [31, that study should be interpreted 'with
caution because the authors failed to present evidence that the
subjects were studied under conditions of maximal water diure-
sis, a necessary requirement for a correct interpretation of the
results [4—6]. In our study, however, only the values obtained at
the peak of sustained water diuresis were considered, at the
time when urinary osmolalities were as low as 51.8 and 54.1
mOsmlkg in infants and children, respectively. Only at the
moment of maximal free water clearance, when the activity of
Table 1. Summary of biochemical data in serum from period of
maximal free water clearance
Infants Children
(N=22) (N= 17) P
r —0.63
P<0.001
a Values are the means SD. NS denotes not significant.
Table 2. Summary of data from period of maximal free water
clearance during hypotonic saline diuresis
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Fig. 1. Relationship between fractional distal sodium delivery (CH,o +
CNU) and creatinine clearance (Cc,).
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serum sodium values was present during either hypernatremic
or normonatremic expansion. Although serum concentration of
sodium was moderately but significantly lower in infants than it
was in children, the higher CH,O formation found in the younger
subjects can not be ascribed to the presence of hyponatremic
expansion in that age group. Moreover no correlation existed
between individual values of serum sodium and the correspond-
ing age of the infant, whereas this correlation was very signifi-
cative when C0 values were considered. Even under ideal
experimental conditions, a possible error in using CH,O as an
index of sodium chloride reabsorption must be assumed be-
cause there is evidence that the distal nephron is not completely
watertight in absence of antidiuretic hormone [11]. Although a
lower rate of backdiffusion of water from the collecting duct in
infancy could account in part for the higher values of CH,O, we
do not think it likely because comparably low urinary osmolali-
ties were present in both groups.
The present results confirm previous studies showing the
existence of glomerular preponderance in the immature kidney.
By means of clearance techniques, the tubular handling of PAH
[1, 12, 13], glucose [13, 14], amino acids [15], phosphate [16,
17], and bicarbonate [18] has been reported to be low for the
human kidney during development, and also morphologic stud-
ies in man have noted high ratios of glomerular surface area to
proximal tubular volume in the neonatal kidney [19]. Neverthe-
less, some controversy has arisen recently about the existence
r-0.02 of such glomerulotubular imbalance on the basis of two differ-
ent lines of experimental studies.
Micropuncture experiments on puppies [20] and newborn
guinea pigs [21] have shown that the ratio TF/P1 at the end of
the proximal tubule does not appear to vary with age, indicating
that the proportion of the filtered load reabsorbed along the
o proximal tubule was a variable not dependent on the maturity of
___________________
the kidney. These results, however, are not necessarily contra-
dictory with the data here presented because they were ob-
tained under conditions of antidiuresis. When micropuncture
studies on newborn rats are performed under conditions of salt
loading [221 or clearance studies on puppies are performed
during saline infusion [23], the glomerulotubular balance is no
longer maintained. Spitzer and Schoeneman [3] have performed
more recent micropuncture experiments in immature and adult
guinea pigs, under hydropenic conditions and following expan-
sion with an isooncotic albumin solution. Both under control
and experimental conditions, the fractional proximal reabsorp-
tion was lower in the immature than it was in the oldest animals,
suggesting that an increase in the intrinsic capacity for sodium
reabsorption in the proximal tubule does really occur in guinea
pigs during development. There is, however, complete agree-
ment, from experiments in puppies and guinea pigs, that
fractional distal reabsorption is increased during development,
thus mitigating the lower fractional proximal reabsorption ob-
served under either hydropenic [3] or volume-expanded condi-
tions [3, 23, 241.
A second set of experiments tend to prove the nonexistence
of glomerulotubular imbalance from the study of the ratio of
maximal tubular reabsorption of glucose (T,G) to the clearance
of inulin (C11) in the developing animal. Old studies had
previously shown that the ratio TmG/Cin was low in infants
when compared to values reported for the adult [13, 14], but
more recent studies both in humans [25, 26] and in dogs [27]
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Fig. 3. Fractional distal sodium delivery
function of age.
antidiuretic hormone is minimal or absent, Cu() approximates
the reabsorption of sodium chloride in the distal diluting seg-
ments of the nephron, CH,O + CNa provides an index of distal
sodium delivery, and the urinary flow represents the fraction of
filtrate that reaches the ascending limb of Henle 14]. Obviously
the term CH,O + CNa does not take into account sodium
exchanged with potassium and hydrogen ion, thus tending to
understimate sodium delivery to the distal nephron. This,
however, is of little relevance in the present studies because
values of CH,O + CNa were only slightly lower than values of
CH2O + Cc1, an index that is not influenced by the above
circumstances [5, 6].
Additional factors such as serum sodium concentration could
also influence free water formation. Boornjarern et al [10] have
shown that hyponatremia itself increases sodium reabsorption
in the diluting segment of the dog, but no direct influence of
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have not found differences in relation to age. Arant [28] has
demonstrated that tubular reabsorption of glucose is markedly
influenced by extracellular fluid volume expansion; when the
arterfactual changes produced by fluid loading are avoided the
ratio T1G!C11, does not appear to vary with age.
The above commentaries about the effect of volume expan-
sion on glomerulotuhular balance are pertinent to the interpre-
tation of the present results because volume expansion was part
of the experimental protocol. It is possible, therefore, that the
findings in infitncy were not dependent on differences on
intrinsic tubular function but represented the influence of a
greater degree of expansion of extracellular fluid volume,
because the protocol of infusion was identical in both groups
but the infants had a significant reduction of GFR. This
possibility is unlikely, for there were no significative differences
in the amount of sodium excreted by each group before the test
period of maximal free water clearance, both in cumulative
terms and in average excretion per minute (25.7 19.0 and 230
182 p.Eq/min/l .73 m2, respectively, in infants vs. 33.6 17.3
mEq/l .73 m2 and 286 145 i.Eq/min/l .73 m2 in children).
Although GFR was lower in infancy, a higher fractional excre-
tion of sodium accounted for a similar degree of absolute
excretion of sodium. It is also known that volume expansion
inhibits sodium reabsorption in the distal segments of the
nephron in a dose-related fashion [Sj, but infants did not present
constantly lower values of free water clearance than older
children at similar rates of distal sodium delivery (Fig. 2).
Kleinman [231 has shown that during saline expansion the distal
tubule of newborn dogs reahsorhs a greater fraction of the
filtered sodium than does that of the adult dog, but that study
did not present evidence about whether the increased distal
sodium reabsorption had occurred at the same or, as was the
case in our young subjects, at higher rates of distal sodium
delivery. If we assume that the differences in the degree of
volume expansion between infants and children were minimal
or absent, we must conclude that our results indeed represent
developmental changes of intrinsic tubular function during
volume expansion in man.
Finally, our results support also the hypothesis advanced by
Spitzer 13] that the observed increase in plasma renin activity
and aldosterone concenlration during infancy [29—331 is neces-
sary to stimulate distal sodium reabsorption and maintain the
equilibrium of sodium balance in individuals with simultaneous
immaturity of proximal tubular function. The inability of infants
with very low birth weights to maintain sodium balance 131, 34—
37] could be due to an added immaturity of that distal compen-
satory mechanism of sodium reabsorption, probably as a conse-
quence of a transient renal tubular unresponsiveness to aldos-
terone [38, 39]. Sulyok et al [8] have recently reported data
supporting that conclusion. The percent of sodium distal reab-
sorption (CF,o/Cu,o -F- C,, x 100) was 69.9% in a group of 8
prematures vs. 85.8% in a group of 10 fullterm newborns. These
results, however, should he interpreted with caution because
there is evidence that maximal water diuresis was not present
during the study.
In summary, the study of fractional clearances during hypo-
tonic saline diuresis in infants and children demonstrate that, at
least under conditions of extracellular fluid volume expansion,
proximal sodium reabsorption lags behind glomerular filtration
during the first year of life hut an exaggerated urinary sodium
loss is not present because of the existence of a compensatory
increase in distal sodium reabsorption during that age span.
Reprint requests to Dr. J. Rodriguez—Soriano, Department qfPeduit-
rics, Hospital In anti! c/c Ia Seguridad Social. Cruces. Bilhao, Spain.
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